New methods for unobtrusive monitoring of computer users' emotion psychophysiology are very much needed in human-computer interaction research. The present aim was to study heart rate changes during emotionally provocative stimulation. Six-second long auditory, visual, and audiovisual emotionally negative, neutral, and positive stimuli were presented to 24 participants. Heart rate responses were measured with a regular office chair embedded with electromechanical film (the EMFi chair) and with traditional earlobe photoplethysmography (PPG). Ratings of the stimuli were also collected. The results showed that the two heart rate measurements were significantly correlated, r = 0.99. In line with other studies the results showed that, in general, heart rate decelerated in response to emotional stimulation and it decelerated the most in response to negative stimuli as compared with responses to positive and neutral stimuli. Especially, emotional stimulation caused significant changes in heart rate at the 6 th second from the stimulus onset. We suggest that the EMFi chair could be used in human-computer interaction for unobtrusive measurement of the user's emotional reactions.
INTRODUCTION
Currently, emotions are widely recognized as important factors in rational human behavior. Emotions are significantly involved in, for example, attention, perception, learning, memory, problem-solving, decision-making, creative thinking, and human-human interaction [9, 10, 12, 30, 34] . Through the interaction with cognitive processes emotions can enable or prevent the optimal use of human potential [8] .
Affective computing is a field of research investigating emotions in human-computer interaction HCI. Picard [24] defined affective computing as "computing that relates to, arises from, or deliberately influences emotions". Emotionally intelligent systems adapt their functionality during the interaction according to interpretations based on emotionally relevant information and information on the current context. Research areas within affective computing include emotion recognition, emotion expression, and studying the influences emotions have on the user. More specifically, emotion recognition involves perceiving emotionally relevant information from the user, recognizing the user's affective state, and adapting the system's functioning based on the recognized information [24] .
Turk and Robertson [33] introduced the concept of perceptual interfaces. The central motivation of perceptual interfaces is to develop technologies that are based on the ways humans interact with each other and the surrounding reality. Then, user interfaces could make use of the skills, modalities, and interaction rules that are familiar from human-human interaction. Emotions are one such aspect that is an important part of human-human communication. Moreover, Nass and his colleagues [17, 27] have shown that users regard the computer as a social actor and express social behaviors that are used in human-human interaction, such as politeness, also to computers. As human-computer interaction is of social nature, humans communicate emotions also to computers.
One way to measure the user's emotion-related responses is to use physiological measurements. Physiological user interfaces perceive physiological signals from the user and utilize that information in the interaction. Basically, the use of physiological signals can be divided into two classes. First, they can be utilized for voluntary interaction. This class includes using physiology as a deliberate input method, for example, as a pointing technique in which voluntarily directed gaze is used to move the cursor to point Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. at an object and voluntary facial muscle activation is used to select the object [21, 32] . Second, physiological signals can be used to measure the user's spontaneous activity that is not voluntarily controlled. When used in this way, physiological signals can extend HCI beyond voluntary control [1] . Heart rate is a promising measure for monitoring the spontaneous activity because it cannot be controlled as easily as, for example, gestures of facial activity such as smiling or frowning.
Heart rate is a commonly used psychophysiological measure related to autonomic nervous system activity and it has been used in emotion research for a long time. Heart rate is generally thought to discriminate between pleasant and unpleasant emotions. It has been shown to decelerate in response to visual and auditory emotional stimulation. The deceleration is stronger when exposed to unpleasant stimuli than when exposed to pleasant stimuli [6, 3] . Recently, heart rate and other cardiac measures have also been used in affective computing. For example, Scheirer et al. [28] have measured blood volume pulse together with skin conductivity to make inferences about the user's state of frustration caused by malfunctioning software. Using Hidden Markov Models, they were able to differentiate a frustrated state from a non-frustrated state better than random on the basis of physiological information.
Traditional heart rate measurement methods can be too obtrusive to be used in HCI. For example, the use of electrocardiogram (ECG) requires that electrodes with wires are attached to the user. Thus, the use of this technology can cause distraction and discomfort for the user. Although wireless technologies decrease the distraction and enable mobility, the trouble of attaching the electrodes still remains. While traditional measures can be useful for many types of HCI related research, it would be ideal if no sensors at all were attached to the user. Thus, methods for unobtrusive measurement of, for example, heart functioning are very much needed. During the recent years, advances in sensor technologies have enabled more unobtrusive and comfortable measurement of the users' physiological changes than before. The advancements have made it possible to embed various sensors into different objects in the environment or to develop sensors that need not be in contact with the user [11, 25] . Such developments are essential for physiological measurements to become a feasible alternative. rate measurement (Figure 1 ). It is an office chair embedded with sensors of electromechanical film (EMFi) in its seat, backrest, and armrests. EMFi is a low-cost cellular polypropylene film that senses changes in pressure [19] . Heart rate measurement with the EMFi chair is based on ballistocardiography (BCG), which measures the recoil that spreads through the body as a result of a heartbeat. In a workstation environment, the chair is a natural choice for sensor placement. Sensors embedded in a chair will not disturb the flow of interaction and the user is nearly constantly in contact with the chair, thus allowing continuous access to heart rate data. Previously, Kapoor et al. [13] have used a chair as an underlaying for sensors that measure postural changes to recognize the user's emotions.
In addition to physiological changes, emotions also have an effect on subjective experiences. Emotions are often conceptualized through a two-dimensional affective space consisting of valence and arousal dimensions [4] . The valence dimension represents the pleasantness of emotional experiences ranging from unpleasant to pleasant. The arousal dimension represents experienced arousal ranging from calm to excited. Subjective experiences of emotions are commonly measured by collecting ratings on scales that represent these two dimensions [4] . The valence and arousal dimensions are thought to represent underlying appetitive and aversive motivational systems that guide us to either approach or withdraw from different stimuli [15] . However, subjective ratings of these motivational tendencies associated with emotions have rarely been collected. Therefore, in addition to valence and arousal ratings, also approach-withdrawal ratings should be collected.
The present objective was to study heart rate responses to negative, neutral, and positive emotional stimulation with the EMFi chair technology. Visual, auditory, and audiovisual stimuli with negative, neutral, and positive emotional contents were presented to 24 participants while their heart rates were measured with the EMFi chair and with earlobe photoplethysmography (PPG). We wanted to test if the EMFi chair had the potential to detect heart rate variations associated with emotional stimulation. Also, subjective ratings of the stimuli were measured on valence, arousal, and approach-withdrawal dimensions.
METHOD Participants
Twenty-six voluntary participants took part in the experiment. Data from two participants was excluded due to poor signal to noise ratio and missing data. Thus, the statistical analyses were based on the data from 24 participants (15 women and 9 men, mean age 26.7 years).
Stimuli
The experiment consisted of visual, auditory, and audiovisual stimuli selected from the International Affective Picture System (IAPS) and from the International Affective Digitized Sounds (IADS) stimulus sets based on their mean ratings on valence and arousal dimensions (Table 1 ) [5, 16] . Three stimulus categories: negative arousing (e.g. a picture of a mutilated human hand or the sound of bombs), positive arousing (e.g. a picture of sailing or the sound of laughter), and neutral (e.g. a picture of a freeway or the sound of a train) were used 2 . The audiovisual stimuli were simultaneously presented combinations of sounds and pictures that were contextually similar, for example, the picture and the sound of a laughing baby. The valence and the arousal values for audiovisual stimuli in Table 1 were obtained by calculating a mean from the mean ratings of the relevant IAPS pictures and IADS sounds. Table 1 . IAPS and IADS mean ratings of valence and arousal for the selected stimuli.
Equipment
Continuous heart rate (beats/min) was measured with the EMFi chair and with Tunturi earlobe photoplethysmography (PPG). The sampling rate of the EMFi chair was 500 Hz. The EMFi signal was digitized with a Quatech DAQP-16 digitizing card to a PC computer with a Windows XP operating system. The stimulus presentation and the rating of the stimuli were controlled by E-Prime© experiment generator [29] running on a PC computer with a Windows 98 operating system. The visual stimuli were presented on a 15″ Nokia 500 Xa LCD display in a 1024 × 768 resolution at a distance of approximately 100 cm. The auditory stimuli were presented through loud speakers at a comfortable volume level.
Experimental Procedure
First, the laboratory was introduced to the participant. Then, the participant was seated on the EMFi chair and the ear sensor was attached to her or his right earlobe. As a cover story s/he was told that the ear sensor measured skin temperature. The participant was asked to sit still and watch and listen to the stimuli carefully. S/he was also asked to keep her or his eyes on the screen. After the experimenter had left the room, the participant sat still for a half a minute before the stimulus presentation was begun.
The experiment consisted of three trial blocks: visual, auditory and audiovisual. The three blocks were presented in subsequent sessions lasting approximately four minutes each and separated by a one minute resting period. The experiment was counterbalanced by varying the order of visual, auditory and audiovisual stimulus blocks across participants. Each block consisted of five negative, five neutral and five positive stimuli. Thus, the total amount of stimuli in the experiment was 45. The order of stimuli in each of the three blocks was randomly varied for each participant. All stimuli were 6-second long with a 10-second interstimulus interval in between them. During the intervals the display was black.
After the experiment, the participant rated the stimuli. Each stimulus was rated on three nine-point (1-9) scales: valence, arousal, and approach-withdrawal scale. The scales appeared on the display and the ratings were given with the keyboard. The use of the scales was explained to the participant and s/he first rated three practice stimuli that were not used in the actual experiment. Each stimulus was first rated on valence, then arousal, and finally approachwithdrawal scale. Each stimulus was repeated three times so that one of the three scales appeared after each presentation. When the participant gave her or his rating, the scale disappeared and a beep indicated that the rating had been recorded. Visual, auditory and audiovisual stimuli were rated in separate blocks. The order of blocks and the order of stimuli within a block varied randomly. Finally, the participant was debriefed about the actual purpose of the study and the EMFi chair. The experiment lasted approximately one hour.
Data Analysis
First, artifacts (e.g. gross or sudden changes in heart rate data caused by body movements) were detected and coded as missing values from both the EMFi chair and the PPG heart rate data. Artifact detection was done identically to both data with an algorithm developed at the Digital Media Institute of Tampere University of Technology. As a result, 4.1 % of the EMFi chair data and 2.5 % of the PPG data were discarded as artifacts.
At this point, a Pearson correlation was calculated between the EMFi chair and PPG data in order to test the validity of the EMFi chair measurement. Both data included over 12,000 values. The correlation was r = 0.99, p < 0.001 suggesting that the both methods measured heart rate functioning nearly identically. Thus, further data and statistical analyses were performed only to the EMFi chair data.
The EMFi chair data was baseline corrected using a 2-second pre-stimulus baseline. Baseline correction means that a mean baseline value preceding each stimulus presentation is subtracted from all subsequent values starting from the stimulus onset. For the statistical analyses, stimuli that included ≥ 50 % missing values due to artifact removal during the baseline period or during the stimulus presentation period were discarded from further analyses. As a result, 9.9 % of the data obtained by the EMFi chair was further removed.
Finally, the EMFi chair data was categorized into three groups according to the stimulus content (i.e. negative, neutral, or positive). A mean value of all the stimuli within a category was calculated for each participant and each time point. Thus, each category contained six mean values (1…6 seconds from stimulus onset) for each participant.
The EMFi chair data was analyzed second by second so that a one-way repeated measures ANOVA and associated post hoc pairwise comparisons were performed for each second. All the reported p-values in the post hoc pairwise comparisons were Bonferroni corrected.
RESULTS

Heart Rate Measures
Averaged heart rate responses in Figure 2 show that, in general, the response to emotional stimulation was decelerating. However, responses to positive stimuli were decelerating only during the first two seconds and after that the heart rate began to return towards the baseline. The recovery to baseline was faster during positive stimulation than during negative or neutral stimulation. Heart rate decelerated the most in response to negative stimulation. The deceleration was also more prolonged in response to negative stimulation than to positive or neutral stimulation.
To compare the match of individual mean responses to the overall mean responses in Figure 2 the individual mean graphs were visually examined and classified using the following criteria. If the responses to the positive and negative stimuli differed so that the negative graph was below the positive graph half of the time, and if the positive graph was clearly above the negative graph at the stimulus offset, then the match was defined as good. If one of the two criteria, but not both, was met, then the match was defined as adequate. This kind of examination of the positive and negative responses in the individual profiles revealed that 45.8 % of the individual mean responses were well in line with the overall mean responses and 16.7 % were adequately in line with the overall mean responses. In 20.8 % of the cases, the positive and negative responses in the individual mean profiles were in conflict with the overall mean response and in 16.7 % of the cases the positive and negative responses could not be clearly differentiated from each other, but instead they were overlapping (see Figure 3 for examples). To test whether there were statistically significant differences in the heart rate responses to negative, neutral, and positive stimuli, six (i.e. one ANOVA per each second) one-way repeated measures ANOVAs with emotional content (negative, neutral, positive) as a factor were performed. The ANOVAs showed a significant effect at the last second of stimulus presentation (the 6 th second from the stimulus onset) F(2, 46) = 4.27, p < 0.05. Post hoc pairwise comparisons showed that at the 6 th second the responses to negative stimuli were significantly lower than the responses to positive stimuli t(23) = 3.23, p < 0.05. There were no significant differences between responses to positive and neutral or between responses to negative and neutral stimulation.
Subjective Ratings
Three separate one-way repeated measures ANOVAs showed a significant effect in valence ratings F(2, 46) = 328.51, p < 0.001, in arousal ratings F(2, 46) = 65.72, p < 0.001, and in approach-withdrawal ratings, F(2, 46) = 167.08, p < 0.001.
Post hoc pairwise comparisons of valence ratings showed that positive stimuli were rated significantly more positive than negative stimuli t(23) = 22.03, p < 0.001. Further, the ratings of positive stimuli were significantly more positive than the ratings of neutral stimuli, t(23) = 14.87, p < 0.001. Also, neutral stimuli were rated significantly more positive than negative stimuli t(23) = 13.59, p < 0.001.
Post hoc pairwise comparisons of arousal ratings showed that negative stimuli were rated significantly more arousing than positive stimuli, t(23) = 8.56, p < 0.001. Also, negative stimuli were rated significantly more arousing than neutral stimuli, t(23) = 12.04, p < 0.001. Arousal ratings for positive and neutral stimuli did not differ significantly.
Post hoc pairwise comparisons of approach-withdrawal ratings showed that positive stimuli were rated significantly more approachable than negative stimuli, t(23) = 16.86, p < 0.001. Also, positive stimuli were rated significantly more approachable than neutral stimuli, t(23) = 10.94, p < 0.001. Finally, neutral stimuli were rated significantly more approachable than negative stimuli, t(23) = 8.39, p < 0.001. Mean ratings of the stimuli are presented in Figure 4 .
DISCUSSION
Our results showed that heart rate had a general tendency to decelerate in response to emotional stimulation. Heart rate decelerated more in response to negative stimuli so that at the last second of the six-second long stimulus presentation the difference between negative and positive stimulation was statistically significant. This difference resulted also from the fact that the response to positive stimulation had recovered near to the baseline at the end of stimulus presentation. Thus, heart rate revealed distinctive responses to positive and negative emotional stimulation.
We also compared the overall mean responses with the individual mean responses. This analysis revealed that the mean individual responses to both emotionally negative and positive stimulation matched well or relatively well to the overall results in 62.5% of the cases.
The results of the stimulus ratings showed that negative, neutral, and positive stimulation induced significantly different emotional experiences in the participants as expected. Valence and approach-withdrawal ratings were significantly different for all emotional contents (negative, neutral, and positive). For arousal ratings, there were significant differences between ratings for positive and negative and between ratings for negative and neutral stimuli. Arousal ratings for positive and neutral stimuli did not differ significantly from each other. These results are in line with the IAPS and IADS ratings [5, 16] . Thus, also the stimulus ratings revealed clearly distinctive responses to emotional stimulation. Negative stimuli evoked a coherent experience of high negative valence, high arousal, and a clear tendency to withdraw away from the stimuli. On the contrary, positive stimuli evoked a highly positively valenced, moderately arousing experience, and a clear tendency to approach the stimuli. Our results on the heart rate data are in line with previous research showing a decelerating heart rate response to visual and auditory emotional stimulation. Furthermore, heart rate decelerated more in response to negative stimuli than in response to positive and neutral stimuli [3, 6, 20] .
Importantly, the present results suggest that heart rate recovers more rapidly from positive emotions than from negative emotions. When exposed to positive emotional stimulation, heart rate decreased only during the first two seconds and then started to revert back towards the baseline, whereas during negative emotional stimulation heart rate continued to decelerate. Recently, Brosschot and Thayer [7] also found evidence that cardiovascular response was more prolonged after negative than after positive emotions. They collected subjective reports of current emotional state (i.e. valence and arousal), reports of physical activity, and heart rate recordings on eight occasions during one day. On each occasion, all reports were given on three time points at five-minute intervals (i.e. 0, 5, 10 minutes). When experiencing negative emotions at the first time point, a prolonged heart rate response five minutes later was likely even if the negative emotion was not experienced anymore at that point. This result shows a prolonged heart rate response after negative emotions.
In the context of HCI, similar results have been found with other physiological measures. Aula and Surakka [2] studied the effects of emotional feedback on cognitive performance and psychophysiology by giving emotionally negative, neutral, and positive feedback in a computerized problemsolving task. They found that pupil size reverted to baseline significantly faster after positive feedback than after negative or neutral feedback. These results again suggest that recovery from autonomic arousal is faster after positive emotions than after negative emotions. It has been argued that prolonged psychophysiological responses after negative emotions may play a significant role in the relations between negative emotions and somatic disease [7] .
Thus, it is important to take into account the effects that human-computer interaction has on the user's emotions and study how the user's emotions can be regulated through emotion conscious interface design. To this end, it has been discovered that positive affective feedback and positive affective interventions have a beneficial impact on the user's physiology, cognitive performance, and experienced emotions [2, 14, 22, 31] . Partala and Surakka [22] studied the effects of affective interventions that were given after the users had been exposed to problems with computer use. They found that problem-solving behavior was significantly more successful after positive emotional interventions than after negative emotional interventions or no interventions at all. Moreover, smiling activity measured with facial electromyography (EMG) was significantly higher during and after positive interventions when compared to EMG activity during and after negative interventions and no interventions at all. Klein et al. [14] studied the effects of emotional support that was given by an agent immediately after an interaction session. In one condition, the users got to vent their emotions but they did not receive any emotional support. In the other condition, the users' emotions were not taken into account at all. In the third condition, the users got active emotional support from an affect-supporting agent. The results showed that active empathic emotional support given by the agent relieved negative emotions caused by the computer. They also found that the participants who were provided with active emotional support were willing to continue the interaction with the computer significantly longer than the participants in the two other conditions.
The importance of emotions in HCI is becoming more and more recognized. For example, even Norman [18] has recently stated that "attractive things work better". Firstly, positive emotions broaden our thinking and, thus, when experiencing positive emotional states we can solve problems more creatively than when experiencing negative emotional states [12] . Also, when experiencing positive emotions while interacting with a system, minor faults in the system functionality and usability are better tolerated [18] .
In sum, emotions are significantly related to interaction, emotions, cognitive processing, and health. Furthermore, they can be argued to function similarly in human-computer interaction. Thus, there is a need for tracking the user's emotional responses to determine whether the interaction evokes positive or negative emotions in the user. Measuring the user's physiological changes is one possible way to get objective information on emotional responses. Heart rate is a promising measure because it can distinguish between positive and negative emotions and because it can measure spontaneous activity. To measure heart rate, as well as other physiological measures, unobtrusive measurement methods for perceiving emotion-related physiological changes in the user are essential.
The EMFi chair is an example of embedded technology that can be used for wireless monitoring of computer user's physiological activity. Using a chair with a perfectly ordinary appearance as an underlaying for sensor technology has many advantages. Sensors embedded in a chair will not attract the user's attention in any way and for this reason will not distract the interaction. Furthermore, the user is in a firm and constant contact with the chair. This, of course, is advantageous for reliable and continuous signal extraction.
Clearly, undetectable sensors pose ethical concerns due to the possibility of using them when the person being measured is unaware that s/he is being measured. However, unobtrusiveness does not have to mean that the technology is completely invisible to the user. Invisibility is necessary only to the extent that the technology and the measurement will not cause distractions. For example, a device such as the EMFi chair could be marked with a visible logo in the back of the chair to inform that it is not just an ordinary office chair but also a heart rate measurement device. In a workstation context, the user can always decide by oneself if s/he wants the computer to measure her or his physiology in any way.
In the present experiment, the analyses were made offline after averaging the responses over several stimuli with the same emotional content and over a number of participants. Also the individual graphs were averaged over several stimuli. However, in real use, the user's emotion-related responses should be detected in real-time and from single responses to different HCI events. Thus, in the future further research with the EMFi chair is needed in more realistic HCI settings using real-time analyses to make inferences on a single user. In a recent study, Partala, Surakka, and Vanhala [23] showed that it was possible to estimate subjects' emotional experiences on the basis of electrical facial muscle activity in real time. Quite simple algorithms were able to categorize emotionally negative and positive experiences with a reasonable accuracy. However, developing emotionally intelligent responsive systems is not the only goal of affective computing. It is important to gain knowledge on what kind of effects HCI events have on the users' emotions and how these effects could be regulated through emotion conscious interface design. Unobtrusively acquired physiological measures are essential in gaining this knowledge, even when analyzed offline and averaged over several participants. Also, averaged responses can be valuable as a part of usability testing.
The EMFi chair offers a possibility for unobtrusive heart rate monitoring. These results showed that heart rate responses measured by the EMFi chair differed significantly between positive and negative emotions. Together with other psychophysiological measures and contextual information on the state of the interaction, the EMFi chair could be used to detect emotionally significant events that have happened or are about to happen. When these significant emotional events can be detected, we can ease the burden that negative emotions cause on cognitive performance by providing the users with affective feedback and support [2, 14, 22, 31] . Regulation of the user's emotions can thereby enable the optimal use of human potential.
